any unique alterations, including unknown components, are specifically engaged in the mitochondrial sorting of aggregating proteins.
From the perspective of cellular physiology and pathological processes, the most exciting questions are about the functionality of mitochondria that are busy disposing of aggregates, their role in maintaining cellular-protein homeostasis and how they affect the failure of this process in disease. Ruan and colleagues provide evidence that mitochondrial aggregate disposal is active not only during heat stress but also under a broader range of physiological conditions. In a final set of experiments, they observed a similar phenomenon in human cells. Together, these data indicate that the mechanism could be widespread and evolutionarily conserved. Defects in mitochondrial function and an inability to deal with aberrant proteins are common features of age-related and neuro degenerative diseases in humans. Perhaps defects in mitochondrial aggregate clearance are a part of the mechanisms that trigger and accompany cellular degeneration during disease.
The mitochondrial pathway of aggregate clearance is likely to form an important addition to our knowledge of the mechanisms involved in maintaining cellular-protein homeostasis. Interestingly, the efficiency of mitochondrial protein import affects the ability of cells to clear proteins in the cytosol 11 . Ruan and colleagues' work provides another fascinating example of the crosstalk between the mitochondrial import machinery and cytosolic-protein homeostasis. It is becoming increasingly clear that maintaining a productive dialogue between cellular compartments is a crucial task -one that we are just beginning to understand. ■ report an unexpected result that challenges this assumption -a finding that could alter our understanding of the behaviour of proteininteraction networks.
Agnieszka Chacinska is at the International
The authors studied hypoxia-inducible factor 1α (HIF-1α), a protein whose production increases when cellular oxygen levels are low. HIF-1α binds the protein CBP, and together they initiate a response to the low oxygen level 2 . This response is tempered by a feedback mechanism 3 in which HIF-1α promotes production of the protein CITED2. CITED2 in turn displaces HIF-1α from the
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A hidden competitive advantage of disorder
The cellular response to low oxygen levels is regulated by a process in which one protein is ousted from a binding site by another. The authors adapt an imaging technique called X-ray ptychography. First, they scan the IC using a beam of non-destructive X-rays and observe the diffraction pattern produced at each point using high-speed detectors. They then feed these patterns into a computer program that builds a 3D image (pictured).
Holler HIF-1α-CBP complex by occupying a binding pocket on CBP that largely overlaps with the binding pocket for HIF-1α, thus inhibiting the hypoxic response. HIF-1α and CITED2 bind to CBP with equal affinity, which means that, if HIF-1α and CITED2 were present in equal amounts, then equal populations of CBP molecules should be bound by HIF-1α and CITED2. But instead, Berlow et al. report that an equivalent concentration of CITED2 can rapidly displace HIF-1α from CBP.
The regions of HIF-1α and CITED2 that bind to CBP are both intrinsically disordered when unbound, meaning that they do not assume a single, low-energy folded conformation, but remain flexible so that they can adopt multiple conformations. Many disordered proteins settle into a predominantly folded conformation on binding to a folded binding partner, as is the case for the region of CITED2 that binds to CBP. Berlow et al. use nuclear magnetic resonance (NMR) spectroscopy to show that the αB and αC helices of HIF-1α are also ordered when bound to CBP, but the αA helix remains relatively mobile. The retained flexibility of the HIF-1α αA helix might allow the αA helix of CITED2 -which becomes less mobile when bound -to 'get a foot in the door' of HIF-1α-bound CBP.
Berlow et al. propose a displacement mechanism in which the conformational dynamics of the CBP-bound HIF-1α αA helix allow the CITED2 αA helix to squeeze into the binding pocket occupied by HIF-1α (Fig. 1) . Binding by the CITED2 αA helix in turn leads to a structural shift in CBP that decreases its affinity for the αB and αC helices of HIF-1α, and increases its affinity for the full interaction with CITED2. The authors used fluorescence-based assays to show that the rate of HIF-1α displacement by CITED2 is proportional to the concentration of the latter, indicating that the process probably involves a ternary CBP-HIF-1α-CITED2 complex. The researchers also used NMR to observe molecular interactions during the process, confirming that HIF-1α and a protein fragment corresponding to the CITED2 αA helix can bind simultaneously to CBP. These experiments again show that binding of the CITED2 αA helix pushes the CBP structure towards a conformation that favours CITED2 binding.
The proposed mechanism is, at its core, an allosteric one -that is, a process in which an input or interaction at one site on a protein leads to a modified output or interaction at a different site. The discovery of allostery fundamentally changed our understanding of enzymatic functions 4 , and Berlow and colleagues' findings suggest that it will also radically change our interpretation of how binding affinities describe protein-interaction networks. In the present case, binding of the CITED2 αA helix at one site leads to a structural shift in CBP that decreases the latter's affinity for the αB and αC helices of HIF-1α at a second site.
Although the molecular details for this particular example are coming into focus, it is unclear where the energy required to shift the conformation of CBP comes from. The answer might lie in the allosteric response of the intrinsically disordered regions. The allosteric mechanisms of intrinsically disordered proteins have surprised researchers before. For example, interactions between CBP and the disordered protein E1A can be either enhanced or impaired by formation of a ternary complex with another protein, pRb, depending on the available binding sites on E1A (ref. 5) .
In another example, the disordered 'tails' of the DNA-binding domain of the dimeric Phd protein inhibit binding of a second Phd dimer to a DNA molecule 6 . There are no inhibitory interactions between the ordered regions of the Phd dimers, so it was not initially clear how binding of the second Phd dimer was inhibited. It was shown that the tails provide a 'fuzzy' steric hindrance (an obstacle associated with the physical volume of parts of a molecule) to binding of a second Phd dimer that acts like an entropy barrier, with the size of the barrier proportional to the degree of disorder. The measured affinity of a single Phd dimer for DNA, and the absence of inhibitory interactions between the ordered regions, did not reveal the whole story in this case.
Just as interactions between the disordered tails of the Phd dimers inhibit binding of a second Phd dimer, one might speculate that disordered portions of CITED2 and HIF-1α interact in a manner that modulates their affinity for CBP. The implication is that affinities determined for protein pairs may not be sufficient to determine the outcome of competitive protein interactions, especially when allostery and intrinsically disordered proteins are involved. Protein-protein interactions were previously understood to involve relatively static interfaces, but examples of substantially dynamic interactions 7 , including fuzzy complexes 8 , are becoming more common. These interactions can involve an equilibrium state in which multiple binding motifs on a ligand dynamically bind and unbind a single binding pocket (or multiple pockets) 9 . Dynamic protein-interaction networks have also recently been discovered 10 , in which thousands to millions of protein molecules undergo phase separation into protein-dense regions or clusters, observable as micrometre-sized, visually distinct droplets in cells. Many of the proteins involved have large, intrinsically disordered regions, and the droplets have some of the characteristics of liquids. Additional complexity in these systems is introduced through protein modifications, such as phosphorylation.
Returning to CBP, it will be interesting to see if cellular pH changes associated with respiratory distress modulate the competition between CITED2 and HIF-1α for their pH-sensitive binding pockets on CBP. More broadly, the modulation of intrinsically disordered proteins through allosteric interactions in ternary complexes may well form the basis of a range of possibilities for fine-tuning regulatory protein interactions that control biological responses to stimuli. ■ 
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